We investigate the hydrogen adsorption capacity of Na-coated carbon nanotubes (Na-SWCNTs) using first-principles electronic structure calculations at absolute temperature and pressure. A single Na atom is always found to occupy the hollow site of a hexagonal carbon ring in all the six different SWCNTs considered, with a nearly uniform Na-C bond length of 2.5 A. Semiconducting zigzag nanotubes, (8,0) and (5,0), show stronger binding energies for the Na atom (-2.1 eV and -2.6 eV respectively), as compared to metallic SWCNTs with armchair and chiral geometries. The single Na atom can further adsorb up to six hydrogen molecules with a relatively constant binding energy of -0.26 eV/H 2 . Mulliken population analysis shows that positively charged Na atoms with 0.82e charge transfer to nearest carbon atoms which polarizes the SWCNT leading to local dipole moments. This charge-induced dipole interaction is responsible for the higher hydrogen uptake of Na-coated SWCNTs. The transition state search shows that diffusion barrier of Na atom on the SWCNT between two adjoining C-C rings is 0.35 eV.
INTRODUCTION
in lithium and potassium doped carbon nanotubes 9 respectively. Later on, it was found that observation of such high adsorption capacity was due to the presence of water impurities 15 . Cabria et al. 10 have shown that the binding energy of hydrogen molecule on Li-doped carbon nanotubes is two times higher than that on pristine carbon nanotubes. Recently, Liu and coworkers 8 found that up to eight Li metal atoms dispersed on single walled carbon nanotubes (SWCNTs) can adsorb 64 H 2 molecules with an average binding energy -0.17 eV/H 2 leading to 13.5 wt% of storage capacity 8 . Ataca et al. 16 have studied the dispersion of Li atoms on graphene surface and predicted the gravimetric density of 12.8 wt%. The isolated clusters (Li 12 C 60 , Na 8 C 60 and Ca 32 C 60 ) where metal atoms are capped onto the pentagonal and hexagonal faces of C 60 , can store H 2 up to 8.4-9.5 wt % 11, 12, 17 . The charge transfer from metal atoms to C 60 gives rise to the electric field surrounding the coated fullerene and enhances the H 2 adsorption. Recently, it is found that the sodium ions have been strongly absorbed onto a hydrophobic graphite surface via cation-π interactions 18 .
We take the sodium as a coating material on SWCNTs since the sodium ion is one of the most popular ions in medical science, chemistry, physics and particularly in biological systems. It is sixth most abundant element in nature and most studied in the periodic table due to its simplicity towards the experimentation. On comparing the earlier experimental 19, 20 and theoretical reports with the present study, it can be mentioned that the sodium-doped carbon nanotubes have many advantages and satisfy some of the important requirements for the hydrogen storage materials; namely,(a) strong interaction between the sodium ions and H 2 molecules, (b) remarkably enhanced molecular H 2 adsorption, and (c) light-weight material with higher capacity for the adsorption of H 2 molecules. The sodium-doped SWCNTs can act as a better hydrogen storage material at lower temperature with better hydrogen adsorption efficiency. Further, the adsorption can even be tuned by functionalizing with other suitably chosen organic functional groups 21 .
There are many reports on hydrogen storage using sodium for e.g., the metal complex of sodium (sodium borohydrates, sodium alanates 22, 23 ), sodium-doped fullerenes 17 , adsorption of sodium ions on hydrophobic graphite surfaces 18 , curvature-induced hydrogen adsorption in sodium-doped carbon nanomaterials 24 . All above studies have been carried out at molecular levels. To the best of our knowledge, there is no report on sodium doped carbon nanotube at solid state. Despite of many reports for hydrogen storage on Na-doped 1 INTRODUCTION carbon materials at molecular level, there is no attempt to explain the basic understanding of the stability of sodium atoms on carbon surfaces and its high storage capacity towards H 2 molecules. So, the interesting issues we address are; (i). will the high storage capacity of Na-doped carbon nanotubes sustain at solid state? (ii). binding mechanism and stability of sodium atoms on carbon nanotube surfaces, (iii). evolution of the electronic properties of Na-SWCNT-H 2 systems, (iv). adsorption mechanism of H 2 molecules on Na-SWCNTs, (v). effects of sodium clustering on the stability and adsorption of H 2 molecules, (vi). electrostatic interaction of sodium and H 2 molecules on carbon surface, (vii). effects of chirality of carbon nanotubes on the stability and adsorption of sodium and H 2 molecules, (viii). transition states search of composite systems (Na/SWCNT-H 2 ). To address the above issues, we carry out extensive search for high-capacity hydrogen storage material consisting of individual sodium atom doped carbon nanotubes at zero temperature using density functional theory (DFT). We employ both local density approximation (LDA) 25, 26 and generalized gradient approximation (GGA) 27 to estimate the binding strength. We have also verified the LDA results with hybrid B3LYP functional 28 .
Earlier studies 29, 30 have found that the LDA based predictions of the physisorption energies of H 2 on the surface of graphite and carbon nanotubes were in good agreement with experiments. Furthermore, quantum Monte Carlo calculations show that the adsorption energy of hydrogen in carbon materials typically lies between the calculated adsorption energy based on GGA and LDA 13 . A previous ab initio study using the Møller-Plesset second-order perturbation (MP2) method 30 has shown that GGA tends to underestimate the adsorption energy of H 2 on SWCNT whereas LDA gives reasonable adsorption energy as compared to the MP2 calculation 13, 29, 31 . The reliability of LDA can be ascribed to the following facts 29 . Firstly, when the electron densities of H 2 and carbon surface overlap weakly, the nonlinearity of the exchange-correlation energy density functional produces an attractive interaction even in the absence of electron density redistribution. Also the overestimated binding energy by LDA 32, 33 may compensate for the insufficient account of van der Waals interactions. 29 In contrast, DFT calculation using a uniform GGA produced a purely repulsive interaction. Calculation based on the GGA-PW91 functional has predicted a repulsive interaction between H 2 and a graphene layer and also between H 2 and a (6,6) carbon nanotube 34 , which contradicts the experimental findings 35 . It has also been noted that LDA calculations well reproduce the empirical interaction potentials between graphitic layers and also in the other graphitic systems for distances near to the equilibrium separation although the LDA is not able to reproduce the long-range dispersion interaction 36 .
Accordingly, in the present work, the conventional DFT calculations are directed toward obtaining structural stability and electronic structure properties of Na-SWCNT-H 2 systems at absolute temperature and pressure. The transition states of the reaction are also studied in order to determine the energy barrier of the reaction and the reaction rate. Semiconducting zigzag nanotubes show stronger binding energies for the Na atom, as compared to metallic SWCNTs with armchair and chiral geometries. We show that the charge-induced dipole interaction is responsible for the higher hydrogen uptake of Na-coated SWCNTs.
We find that the storage capacity of hydrogen depends strongly on the clustering of Na atoms on SWCNTs.
Computational Details
All the energy calculations and geometry optimizations were performed at absolute temperature by using density functional theory as implemented in the CASTEP code 37 . We use the local density approximation (LDA) with Perdew-Zunger parameterization 25 of Ceperley-Alder data 26 as well as generalized gradient approximation (GGA) by Perdew-Burke-Ernzerhof (PBE) 27 . Ultrasoft pseudopotential with a plane wave basis cutoff of 380 eV was used. To ensure the calculated results being mutually comparable, the identical conditions are employed for the isolated H 2 molecules, Na atom, the carbon nanotube, and also the adsorbed carbon nanotube system. The Monkhorst-Pack scheme with 1x1x7 special K-points is used for Brillouin zone sampling for all the systems. The geometries were considered converged when the change in energy was of the order of 10 −5 Hartrees and the absolute maximum force was 0.002 Hartree/Å.
We have selected several carbon nanotubes with different chiral indices as the model of carbon substrate.
All simulations were carried out in periodicity along Z-axis. The dimensions of simulation cells ranged from 16×16×8.5 for smallest system to 27.4×28×7.38Å 3 for the largest systems respectively. The simulation cell were taken so that the empty space between the nanotubes and the X and Y directions were ∼ 7.5Å. Further increase in this vacuum space leads to negligible change in the total energy of the systems and forces on the atoms. For most part of simulations, we have selected (8,0) SWCNT because of its feasibility for synthesis.
A storage model composed of Na-doped (8,0) SWCNT is built by considering four possible Na adsorption sites. These four possible sites are the top of the carbon atom (T), the hollow site of the hexagon C-ring (H), the bridge site over an axial bond (A), and the bridge over a zigzag C-C bond (C) as shown in figure 1. After full structural optimization, the Na atom always locate on hollow site (H) shown in figure 2, 6 regardless of the initial location. The binding energy of the Na atom is given by,
where E Na−SWCNT , E SWCNT and E Na are the total energies of Na-doped SWCNT, SWCNT and isolated Na atom respectively. Next, we used lowest energy structure of Na-SWCNT for H 2 adsorption. The binding energy per H 2 molecule is given by,
where n indicates the number of H 2 molecules, E (H 2 ) n −Na−SWCNT , E Na−SWCNT and E H 2 are the total energy of (H 2 ) n -Na-SWCNT complex, Na-doped SWCNT and H 2 molecule respectively. The adsorption mechanisms are analyzed in terms of the Mulliken population analysis, electrostatic potential and partial density of states (PDOS) which can provide a clear and definitive description for charge distribution. We have verified the accuracy of our calculations by calculating the density of states (DOS) of (8,0)SWCNT and the results agree well with reported results of Li et al. 38 
Results and Discussions
First, we consider the adsorption energetics of a single Na atom on the (8,0) SWCNT as shown in figure   2 . We have performed structural optimizations starting with four possible metal adsorption sites (A, C, H, and T) on carbon nanotubes. A single Na atom is found to always occupy the hollow site of a hexagonal carbon ring in all the six different CNTs considered, with Na-C bond length of 2.4-2.9Å. When a Na atom is adsorbed on SWCNT, there are two nearest and four next-nearest neighbors. It was believed that the stability of adsorption was enhanced by the curvature of the carbon nanotube surface 24 . Here, we have Mulliken charge analysis shows that Na carries a 0.82e positive charge, indicating that the Na atom is ionized. The two nearest and four next-nearest carbon atoms are negatively charged with 0.18e and 0.035e respectively, whereas remaining charges are distributed over the whole SWCNT. The partial density of states (PDOS) in figure 3 shows a lowering of carbon eigenvalues by 0.77 eV for all the carbon 2p orbitals. The charge around Na and the PDOS implies a simple electrostatic attraction as a binding mechanism between charged Na atom and SWCNT.
Next, we investigate the interaction between Na-SWCNT with H 2 molecules. A single H 2 molecule sits atop the Na atom in (8,0) SWCNT-Na-H 2 . The optimized structure is shown in figure 4 . The molecular 8 Figure 4 The coverage of the H 2 molecules on (8,0) SWCNT-Na. The light green and pink spheres have the same meaning Figure 2 , and the white one shows H atom. Figure 5 The density of states and the partial density of states for C (2p), Na(3s) and H 2 (1s) of (8,0) SWCNT-Na-H 2 are shown. The Fermi level is set to zero and indicated by the dotted line. hydrogen is found to interact with Na atoms as a dihydrogen molecule with a binding energy -0.18 eV by LDA and Na-H bond length 2.44Å. Mulliken population analysis shows charges of +0.76e on the sodium and +0.03e on the hydrogen. From the total density of states (TDOS) and PDOS given in figure 5 , the hydrogen bonding orbitals at ∼-9.5 eV far below the entire carbon 2p band, hence there is no further lowering of carbon 2p eigenvalues as compared to the SWCNT-Na system.
We also compute the electrostatic potential of SWCNT-Na-H 2 system to understand the binding mechanism of H 2 . The substantial charge redistribution upon Na coating leads to high a electric field near the Na atoms. We measure the electric fields, induced by the charge redistribution along the outward radial direction of the complex. Figure 6 shows the radial component of the electric field from the center of the SWCNT to the hollow site of SWCNT, Na atom and H 2 molecule. For the SWCNT, the electric field strength is 8.3x10 10 V/m, at the hollow site; with Na adsorbed, E(Na site) is 29.2x10 10 V/m; with single H 2 coverage atop Na, the E (Na site) drops to 24x10 10 V/m and at the center of H 2 molecule E(H 2 ) is 8.6x10 10 V/m. Therefore, we assume that the electric field produced by SWCNT-Na polarizes the H 2 molecules and the induced dipole-dipole as well as the charge-dipole interactions, consequently, leads to binding of H 2
around SWCNT-Na. The PDOS of SWCNT-Na-H 2 shows that there is no bonding orbital between H 2 and Na, which also supports this argument.
The optimized geometries of higher coverage of H 2 molecules on the (8,0) SWCNT-Na are shown in figure 4 . The hydrogen binding energies (E b ) are summarized in Table 1 , which show the GGA, LDA and B3LYP results for both Na atom and H 2 molecules. A single Na atom is found to adsorb up to Figure 6 The radial component of the electric field of (8,0) SWCNT, SWCNT-Na and SWCNT-Na-H 2 systems. The dotted vertical lines indicate the position of Carbon ring, Na atom and H 2 molecules. The insets shows the isosurfaces of the electrostatic potentials of SWCNT, SWCNT-Na and SWCNT-Na-H 2 .
six H 2 molecules with a relatively constant binding energy of -0.26 eV/H 2 . It may be interesting to note that the maximum number of H 2 adsorbed at the Na site is very much similar to the case of Na-doped fullerene.
Electrons in a carbon nanotube undergo major changes in their charge distribution upon Na doping. The transferred charges are spread over the hexagon formed out of carbon atoms nearest to the Na atom. The significant charge redistribution results in an electric field strong enough to attract up to six H 2 molecules with a binding energy of ∼-0.26 eV per H 2 with LDA and -0.14 with GGA functionals. It is known that GGA generally underestimates the binding strengths whereas LDA overestimates them. To verify our results, we have carried out calculations using the hybrid functional, B3LYP, since it has been successfully used to study the hydrogen storage in alkali metal doped C 60 . We find that the LDA energies are comparable to those obtained by B3LYP, which are almost twice of the same computed by GGA. 17 The optimized structures show that none of the relevant physical quantities, such as average H 2 binding energy, the Na-H bondlength and the H-H distance undergoes significant changes as the number of adsorbed H 2 molecules increases. However, there is monotonous decrease in the net charge on the sodium atom up to about 0.36e
for six H 2 molecules. We have observed that all the six H 2 molecules are absorbed at the optimum distance as shown in Table 1 . The optimum distance is an important parameter for estimating the hydrogen storage capacity of any material. It determines a finite-scale region for storing more H 2 molecules around the doped atoms. So a large distance is advantageous to reduce the repulsion between the adsorbed molecules. It may be noted that the hydrogen molecules are found to interact with ionized Na atom as a dihydrogen molecule, forming a T-shaped complex, and thus retaining their molecular identity irrespective of the type of SWCNTs.
We have investigated the effects of nanotube chiral index (metallic vs semiconducting) of SWCNTs on H 2 adsorption. Accordingly, we consider (8,0) and (5,5) SWCNT which are of nearly same diameter. show some regularity. We observe that the H 2 molecules get adsorbed on and around the Na atom site. Thus, one H 2 molecule is always found to sit atop the Na atom, while the remaining five H 2 molecules sit around the Na atom and the H-H bonds are oriented tangential to SWCNT surface which form T-shape complex (see figure 4) . This holds true for all the SWCNT-Na-(H 2 ) n systems. Table 2 shows the binding energy data for Na and H 2 molecules. These results show that although the binding energy of Na is different on metallic and semiconducting nanotubes, it doesn't affect the binding and the uptake capacity of H 2 molecules. In conclusion, the phenomenon that a single Na atom adsorbed on hollow site of SWCNT can bind up to six molecular hydrogen is very general and holds for all the geometries of nanotubes considered here and for other carbon-based nanomaterials such as C 60 as reported earlier. 17 In this context, it may however be noted that different types of fullerenes doped with alkali metal atoms do not necessarily adsorb the same number of H 2 molecules, where the number varies from 3 to 6. In theses cases, curvature seems to play a more significant role. Now, we discuss the stable Na adsorbates with maximum coverage on SWCNT. If the sodium atoms are doped at all available hexagonal sites, it is expected that 144H 2 molecules can be adsorbed by the (8,0) SWCNT-24Na system. However, it is important to note that the adsorption of the maximum number of H 2 molecules at one cationic site is only possible when the cationic sites are separated by ∼5.0Å, at which the system can experience minimum electrostatic repulsion and steric hindrance. Accordingly, we have identified such sites. In figure 8 , we show six cases where Na covers 1/3 area of the hollow sites of strong binding between the metal atoms and the SWCNT systems. We first discuss the (8,0) SWCNT for maximum coverage of Na. When Na atoms are adsorbed on the surfaces of SWCNT, there is significant charge transfer from the sodium atoms to the carbon atoms. As the coverage become higher (maximum eight Figure 8 The coverage of Na atoms on (3,3), (4,2), (5,0), (5, 5) , (6, 3) and (8,0) SWCNT-Na systems.
It is observed that the calculated binding energies per H
Na atoms), the electrostatic repulsion increases due to shortening of the Na-Na distances which makes the system unstable. (Recall that there is a charge transfer from sodium atoms to SWCNT making the sodium positively charged.) For stable Na adsorbates on carbon nanotubes, the Na-Na distance should be larger than that in bulk Na which is 3.12Å. For the stable Na adsorbates on carbon nanotubes, the Na-Na distance is 5.82Å with a binding energy of -1.22 eV per Na (In case of single Na, the binding energy is -2.05 eV).
The decrease in binding energy can be understood from the net charge on sodium atoms. It is found that as the number of Na atoms increases, the charge on each Na atoms decreases to ∼0.48e leading to decrease in binding energy per Na atom. The calculated binding energy per Na atom is however larger than the cohesive energy of -1.13 eV of bulk Na. This shows that clustering of Na atoms is unlikely to occur on SWCNT surface. It may be noted that when the Na-Na distance is less than 5.1Å, the net hydrogen molecule adsorption on Na-SWCNT decreases which is consistent with previous reported result 17 .
We now address the important of issue of Na clustering which directly determines the reversibility of hydrogen adsorption and desorption. To address this, we have considered the clusters of 2-8 Na atoms on the surface of (8,0) SWCNT as shown in figure 9 . To check whether Na atoms form a cluster on the (8,0)
SWCNT surface, we have carried out two separate calculations. First, we placed two Na atoms at the hollow sites of next nearest neighbor carbon hexagon such that their separation distance is 7.3Å (column two of figure 9 ). In the second case, the Na atoms are on two adjacent carbon hexagon with a Na-Na separation distance of 4.3Å (column 3 of figure 9 ) for n=2 and decreasing to 3.3Å as the cluster size grows to n=8.
Figure 9
Optimized geometries of the two, three, four and eight Na atoms isolated and aggregated on a pristine (8,0)SWCNT. ∆E represent the energy difference with reference to ground state.
The total energy difference (∆E) relative to isolated Na coverage (column 1 of figure 9) shows that for n=2, the coating structures are more stable than those involving clustering, and are 0.14 and 0.11 eV lower in energy. The Na clustering geometries are however uniformly more stable than the isolated Na systems, for n ≥ 2 and the stability increases with n, from 0.34 eV for n=3 to 2.21 eV for n = 8; whereas the Na coating/clustering structures of column 2 of figure 9 are less preferred to the isolated Na geometries. The binding energies, 0.27 eV/H 2 for Na 2 and 0.22 eV/H 2 for Na 4 complexes hardly changes from the saturation value ∼0.26 eV/H 2 for 6H 2 complexes. The above analysis shows that for the clustering of Na atoms to occur, the Na-Na distance must be ≥ 5.9Å. It is further to be noted that our calculated binding energy for Na (for Na 8 ) on (8,0) SWCNT (-1.22 eV) is larger than the cohesive energy of bulk Na, namely, -1.13 eV.
Since the energy gained from the cohesion is lower than that from binding to SWCNT, clustering of Na atoms is unlikely to occur on SWCNT.
Now we discuss in brief the effect of Na clustering on the adsorption of the H 2 molecules. In Figure   10 , we show the optimized geometries for twelve and twenty four H 2 molecules on the aggregated Na 2 and 15 Figure 10 Optimized geometries of the twelve and twenty four H 2 molecules on the two and four aggregated Na atoms on (8,0)SWCNT. Na 4 complexes. The optimized C-Na separation ranges from 2.5Å to 3.0Å . The clustering of Na has thus little effect on the binding energy per H 2 molecules, and the uptake capacity of H 2 adsorption.
To use Na-doped SWCNT as a hydrogen storage materials, we have studied the transition state search using nudged elastic band method (NEB) to calculate the diffusion barrier which directly determines the adsorption and desorption mechanism of metal and hydrogen molecules. As the interaction between H 2 molecules and Na is physisorption in nature, we consider the transition state search for Na atom only. We calculate the diffusion barrier of Na atom between the two nearest neighbor C-C rings of the SWCNT.
Through optimized search of the transition state, only one transition state is found which is shown in fig- It may further be noted that the Na atom can transit from site to site easily on the carbon nanotube which facilitates the ultimate formation of high coverage.
We have so far discussed the interaction of H 2 with a single atom bonded to a nanotube, but clearly one imagines attaching more Na to a nanotube, thereby increasing the hydrogen storage capacity. Figure 12 shows the optimized structures of all geometries considered here. Table 3 shows the binding energies of Na, H 2 molecules and weight percentage. We have observed that the binding energy -0.24 eV of (8,0)SWCNTNa 8 -(H 2 ) 48 is larger than -0.17 eV/H 2 in (H 2 ) 64 -Li 8 -C 64 system with gravimetric density of 13.45 wt% 8 . In fact, these configurations store H 2 molecules approximately in the range of 9.2-11.28 wt %. However, these numbers are based on the assumption that SWCNT-Na-H 2 group will also release the hydrogen molecule without difficulty. This assumption is perhaps a good one, since the binding energy of H 2 in SWCNT-Na-H 2 is about 1/8 of the binding energy of SWCNT-Na.
Thus far, for the various states of the chemisorptions process, we have obtained the energy and geometry structure of atoms and molecules from first principle calculations at absolute temperature. A practical question thus arises as to how pressure and temperature effects will influence these stable and transition states, and how the associated molecular vibrations vary over these energy states at given pressure and temperature. For an accurate understanding of the effects of pressure and temperature detailed thermodynamic study is required. However, such a study is beyond the scope of present work. Hence, we give a qualitative explanation of effect of pressure and temperature on the stability and storage capacity. It is noted that under the influence of high pressure, the internuclear separation decreases. The decrease in internuclear distances induces the confinement of electrons which result in localization and overlap of atomic orbitals, so the binding strength and storage capacity increases. This is supported by recent report on pressure dependence on hydrogen storage in Li-doped carbon nanotube 39 . The dependence of the stability of composite system (Na n -SWCNT-(H 2 ) n on temperature and pressure is also explained with chemical potential which is given in terms of Gibbs free energy difference. The Gibbs free energy difference for the formation of stable adsorbates is given as follows; ∆G = E ads−swcnt − E swcnt − xµ ads (3) where 
where k B , m and h are Boltzmann constant, mass of adsorbate atoms, and Planck constant respectively.
From above equation, we found that as the temperature approaches zero, µ ads → 0 and adsorbates coverage on the SWCNT's reaches a maximum. Here, we have µ ads < 0 with increasing temperature, which results in decrease in the stability and storage capacity of adsorbates 40 .
Conclusions
In summary, using the state of the art first-principles total energy calculations at absolute temperature and pressure, we have shown that each Na atom adsorbed on SWCNT can bind up to six hydrogen molecules with an average binding energy of -0.26 eV/H 2 . It is important to note that hydrogen molecules are found to interact with Na atom as a dihydrogen molecule, forming T-shaped complex and thus retaining their molecular identity irrespective of the type of SWCNTs. Our calculations show that the electric field produced by SWCNT-Na polarizes the H 2 molecules and the resulting induced dipole-dipole as well as the charge-dipole interaction, consequently, induces the binding of H 2 around SWCNT-Na. The PDOS of SWCNT-Na-H 2
shows that there is no bonding orbital between H 2 and Na, which also supports this argument. We have also investigated the effects of nanotube chiral index (metallic and semiconducting) on Na and H 2 adsorption and found that semiconducting zigzag nanotubes, (8,0) and (5,0), show stronger binding energies of the Na atom, -2.1 eV and -2.6 eV respectively, as compared to metallic SWCNTs. We have shown that the Na adsorbates on SWCNTs are highly stable without the tendency for clustering at Na-Na distance of 5.9Å.
Transition state calculations show that Na atom can easily move on the carbon nanotube and fill the nanotube exterior with metal and retain its stability during desorption of H 2 molecules. At full coverage this yields a storage capacity of ∼ 9.2-11.28 wt %, which is higher than the value set for required gravimetric density of hydrogen storage. Our analysis shows that, although indeed Na-coated SWCNTs presents a potential material for the hydrogen storage, utter care should be taken to avoid Na atoms clustering on support material, to achieve higher hydrogen capacity.
